Internalization and traffic to acidic endosomes of anthrax lethal factor (LF)
and protective antigen (PA), bound to the anthrax toxin receptor (ATR), is required for LF translocation into the cytosol, where it can elicit its toxic effects. Dynamin is required for clathrin-mediated endocytosis, and longterm disruption of dynamin function blocks internalization of PA.
We have used LFn-DTA, a surrogate of LF consisting of the N-terminal domain of LF fused to the catalytic subunit of diphtheria toxin, to differentiate the effects of acute and long-term block of dynamin function on LFn-DTA toxicity. Both forms of interference reduce LFn-DTA toxicity only partially, consistent with alternative routes for LFn-DTA endocytosis.
In contrast, a long-term block of dynamin activity results in a further
interference with LFn-DTA toxicity that is consistent with an altered endosomal environment, probably an increase in endosomal pH.
2/18/04 3 Endocytosis, the uptake by a cell of soluble molecules, membrane-associated proteins, and membrane-bound ligands, may occur through several pathways.
The most prominent entry route is mediated by clathrin, which forms coats that engulf vesicles at the plasma membrane. John Heuser's remarkable images of clathrin coat formation have profoundly affected our understanding of membrane vesiculation . Assembly of a coat, containing clathrin as well as a number of other proteins, is required for the early steps of membrane deformation and cargo loading . The result of this process is a lattice-like structure, beautifully revealed by Heuser's studies of the inner surface of the plasma membrane.
The large GTPase dynamin, which is recruited during coat assembly and then in a further burst just prior to vesicle budding , has an essential role in pinching the nascent coated vesicle from the plasma membrane. Interfering with dynamin function leads to disruption of clathrin-dependent endocytosis, but also to an impairment of other forms of trafficking . Two types of dominant interfering dynamin mutants have been prepared, in order to obtain either an acute or a long-term block in endocytosis. An acute block (in minutes) can be achieved by expressing a temperature-sensitive dynamin mutant (dynamin ts ) . A short-term shift from permissive (30°C) to non-permissive (38°C) temperature blocks receptor-mediated transferrin uptake in cells expressing dynamin ts . A long-term endocytic block (days) can be obtained by over-expressing dynamin mutants (e.g., dynamin K44A ) defective in GTP binding and hydrolysis . Both forms of dynamin inactivation result in total inhibition of clathrin dynamics (Ehrlich and Kirchhausen, in preparation) but in only incomplete blockage of transferrin uptake . Thus, it appears that transferrin can enter by alternative, although less efficient, routes. A continuing challenge, illustrated by the experiments in this paper, is to sort out, in any particular case, the relative importance of different traffic pathways.
During a long-term endocytic block, a cell responds in various ways: there is a return to normal levels of fluid phase uptake (which initially falls when endocytosis is inhibited) and there is an increase in endosomal pH sufficient to inhibit infection by pH-sensitive viruses .The H + pump is a component of clathrincoated vesicles , and coated pit budding requires dynamin function . It is therefore plausible that the change in pH reflects a substantial decrease in the amount of H + pump delivered by endocytic-coated vesicles from the cell surface to endosomes. Thus, processes such as iron delivery by transferrin or virus translocation may depend on more than one kind of cargo delivered by the clathrin pathway, and distinguishing among alternative routes of uptake may require careful dissection of multiple effects.
Entry of anthrax toxin is a complex process of this kind. The toxicity of Bacillus anthracis requires the combined activity of three bacterial proteins, known as protective antigen (PA), edema factor (EF) and lethal factor (LF). PA is the carrier for EF and LF, facilitating their delivery to the cytosol of a target cell . EF is an adenylyl cyclase that catalyzes the synthesis of cyclic AMP , and LF is a 2/18/04 5 protease that cleaves mitogen-activated protein kinase kinase . These proteins are released from the bacteria as monomers and assemble into a complex upon binding to the anthrax toxin receptor (ATR) on the surface of the target cell .
Before formation of this complex, however, the following steps need to occur.
First, the full length PA (or PA(83)) must be cleaved at the cell surface by furin to form PA(63) which then assembles into a ring-shaped pre-pore heptamer PA(63) 7 . The heptamer binds EF and LF and the ternary complex is internalized and transported to an endosome , where acidic conditions lead to formation of a PA(63) 7 pore for transfer of EF or LF into the cytosol .
What role does the clathrin pathway have in the uptake of anthrax toxin? A longterm block in endocytosis by expression of dynamin K44A leads to a retardation in the kinetics of the transition from PA(83) to the SDS-resistant PA(63) 7 . From these and other biochemical results, as well as from morphological studies, it was concluded that anthrax toxin enters cells by a clathrin-dependent route. The considerations discussed above suggest an alternative possibility: like transferrin, the toxin might be able to take multiple routes to an endosome, and the observed decrease in PA(63) 7 conversion might reflect not just a lower rate of delivery to endosomes but also an elevated pH in that compartment.
We compare here the effects of acute and long-term impairment of dynamin function on the toxicity of LFn-DTA, a surrogate of LF. LFn-DTA is a fusion protein that contains the N-terminus of LF and the catalytic subunit of diphtheria toxin. LFn-DTA binds as well as LF itself to PA(63) 7 heptamers, and it requires low pH to translocate from an endosome into the cytosol, where it leads quickly to inhibition of protein synthesis . Inhibition of cellular protein synthesis is thus a straightforward measure of LFn-DTA entry and translocation. We find that a short-term block in dynamin function results in a five-fold increase in the dose of LFn-DTA required for maximal toxicity, but not in a complete inhibition of toxin entry. We therefore suggest that LFn-DTA/PA (63) 
Toxicity Assay
HeLa cells expressing dynamin wt or dynamin K44A were maintained at 37°C and 5% CO 2 in DMEM medium supplemented with 10% FBS, 100 U penicillin, 0.1 mg/ml penicillin/streptomycin, 2 mM glutamine and 1µg/ml tetracycline. The assays were done using 2x10 4 cells plated in 24-well plates. M PA(83).
Transferrin Uptake
The effect of expressing the dynamin mutants on clathrin-mediated endocytosis was verified by fluorescence microscopy using fluorescently tagged Alexa 488-transferrin. HeLa cells plated in 12 mm coverslips placed in 24-well plates were transferred to KRH buffer (120mM NaCl, 6mM KCl, 1.2mM MgCl 2 , 1mM CaCl 2 , 25mM Hepes, pH 7.4; 1.8 mg glucose/ml, and 2 mg BSA/ml) for 30 min at the required temperature, followed by incubation for 20 min in KRH together with 500 nM Alexa 488-transferrin. The uptake was terminated by placing the 24-well plates on top of wet ice and washing the cells with ice-cold PBS, containing 1 mM MgCl 2 and 0.1 mM CaCl 2 . The cells were visualized by epifluorescence microscopy with a 63x lens after fixation with 3% paraformaldehyde, and stained with the monoclonal 12CA5 antibody specific for the HA-tagged and secondary
Alexa 594 goat anti-mouse antibodies in the presence of 0.04% saponin. Cells 2/18/04 9 contained in many independent fields were scored for presence of absence of transferrin uptake.
RESULTS AND DISCUSSION

Toxicity assay
We first searched for incubation conditions that would lead to complete inhibition M PA(83) (Fig. 1A) . Since the toxic effect requires expression of ATR (Fig. 1B) , we can rule out the possibility that entry of LFn-DTA and PA (83) LFn-DTA entry. We conclude from these observations that the toxicity assay based on LFn-DTA is a valid probe for cell entry and access to endosomes.
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Effect of acute block of dynamin function on the toxic activity of LFn-DTA
We induced the expression of dynamin ts for three days in Hela cells maintained at the permissive temperature of 30°C and used fluorescence microscopy to confirm previous work showing that, within minutes of transfer to the nonpermissive temperature of 38°C, at least 90% of the Hela cells have a marked reduction in receptor-mediated endocytosis of transferrin (Fig 2A) . Under these conditions of acute block in dynamin function and clathrin-mediated uptake we found a small but reproducible increase of about 5-6 fold in the amount of PA (83) required for 50% inhibition of protein synthesis by LFn-DTA (Fig 2B) . This observation is consistent with reduction in the efficiency of LFn-DTA delivery, since exposure to higher concentrations of PA(83) still led to complete inhibition of protein synthesis. At least 90% of the cells had a block in clathrin-based endocytosis of transferrin (99 out of 120 cells counted) and hence also, we assume, in clathrin-mediated uptake of LFn-DTA, which nonetheless clearly entered these cells. We therefore suggest that, like transferrin, LFn-DTA enters through one or more alternative route(s). It is known that under similar conditions of complete blockage of clathrin-coated pit budding, the rate of transferrin uptake is reduced about four-fold although it still can access endosomes .
Effect of long-lasting block of dynamin function on the toxic activity of LFn-
DTA
We then used long-term expression of dynamin K44A to interfere with dynamin function and block clathrin-mediated uptake. We used fluorescence microscopy to confirm previous work showing that two days after the removal of tetracycline more than 85% of the Hela cells expressed dynamin K44A , resulting in a marked reduction in receptor-mediated endocytosis of transferrin (Fig 3A, panel c That is, extended expression of dynamin ts appears to have prevented about half LFn-DTA translocation in the cells, presumably by elevating endosomal pH.
Conclusion
Our results indicate that a major route for LFn-DTA entry depends on the normal function of dynamin. However, a complete block in the clathrin-dependent mechanism is not sufficient to prevent LFn-DTA toxicity. Thus, other endocytic pathway(s) can also be used by LFn-DTA to reach an acidic endosomal compartment. Low pH is essential for the formation of the PA (63) 
